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Abstract 
Properties of metal, alloy and ceramic nanopowders are largely determined not only by the size of the resulting nanoparticles but 
also by the degree of their activation and peculiarities of their internal. The size of nanoparticles manufactured by most 
technologies is tens of nanometers or more. A promising process for the synthesis of nanopowders of predetermined composition 
is the method of electrothermal pulsed dispersion (ETPS). The purpose of this work is to investigate fracture dynamics of metal 
wires having perfect crystal structure with respect to spatial temperature distribution in the course of the ETPS process. The 
problems were solved using the molecular dynamics approach. Simulation of fracture in the course of ETPS was performed by 
heating of a copper crystallite to high temperature within a short time step. There are two characteristic stages of response. The 
first, the average atomic spacing is quickly increasing to reach the maximum without distorting continuity of the specimen. The 
second, further accommodation of the specimen occurs due to its fracture followed by the formation of different-size clusters and 
a gas phase. 
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1. Introduction 
Physico-mechanical and chemical properties of metal, alloy and ceramic nanopowders are largely determined not 
only by the size of the resulting nanoparticles but also by the degree of their activation and peculiarities of their 
internal structure [1-3]. Generally, the size of nanoparticles manufactured by most technologies is tens of 
nanometers or more. The most drastic changes, however, occur when the characteristic size is below 10 nm. These 
changes are attributed to the fact that the fraction of surface atoms with respect to the total number of atoms is 
increased. The processes for manufacturing nanoparticles with the grain size less than 10 nm and their handling are 
quite complicated due to coagulation instability of these fine-grained systems. 
Currently, a promising process for the synthesis of nanopowders of predetermined composition is the method of 
electrothermal pulsed dispersion (ETPD). It allows manufacturing composite nanopowders consisting of crystallites 
of a few metal or non-metal phases, which adds them new properties [4].  
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The purpose of this work is to investigate fracture dynamics of metal wires having perfect crystal structure with 
respect to spatial temperature distribution in the course of the ETPD process. A solution to this problem is 
challenging both from the scientific and practical standpoint, in particular, when developing scientific and 
engineering principles of nanosized particle production with a complicated structural-phase composition dictating 
new physico-chemical properties of this nanomaterial. 
2. Formalism 
The problems formulated in this work were solved using the molecular dynamics method. Atomic interactions 
were described using the potentials calculated within the framework of embedded method atom [5, 6]. These 
potentials allow describing the surface properties, defect structure energy, elastic characteristics and a number of 
other features to a high accuracy, which are critical for the simulation of the ETPD process. 
The specimens under study were cylindrical copper crystallites. The specimen simulated contained about 40 000 
atoms, with the height of the cylinder being around 30 and the diameter ± 20 lattice parameters. Due to the smallness 
of the simulated crystallites, they were represented as regular rectangular prisms. Along the cylinder axis use was 
made of periodic boundary conditions, while in the other directions, a free surface was simulated. 
In this study, the spatial temperature distribution under thermal action was set in two ways. In the first approach, 
the specimen temperature was increased using a linear law in the direction from the cylinder axis towards the lateral 
surfaces, and in the second approach ± from the lateral surface to the axis. In the course of thermal loading, the 
temperature difference in the center and the lateral surfaces was 25 %. Note that the maximum specimen heating 
temperature was achieved with the time equal to 0.1 ps. Heating of the crystallite was performed by scaling of the 
atomic velocities following a linear law while maintaining a Maxwell distribution. 
In the course of high-rate heating the specimen experienced fracture followed by the formation of clusters. The 
atoms were assumed to belong to one cluster, given that the spacing between the nearest atoms was less than the 
threshold distance. The latter was assumed to be equal to the radius of the second coordination sphere in a perfect 
copper lattice. The cluster size was determined by the number of atoms constituting it. 
3. Results and discussion 
Simulation of fracture in the course of ETPD was performed by heating of a copper crystallite to high 
temperature (up to 25 000 K) within a short time interval (0.1 ps). This heating regime was selected in order to 
ensure description of the main stages of fracture of a simulated crystallite (in the framework of the technique used) 
ZLWKLQD³UHDVRQDEOH´FRPSXtation time interval. The calculation results demonstrate that for both heating regimes 
the character of variation in the atomic spacing in the loaded crystallite is qualitatively the same. Note that there are 
two characteristic stages of its variation in time. In the first stage, whose duration is approximately one picosecond, 
the average atomic spacing is quickly increasing to reach the maximum without continuity violation of the specimen 
(Fig. 1a). The average spacing between the atoms in a picosecond is increased compared to the initial spacing by 
about 3.0 %, being somewhat shorter for the second regime. This increase in the lattice parameter corresponds to a 
volume jump being equal to about 9 %, which is much larger than the volume jump caused by melting. This increase 
in the average atomic spacing under a high-rate impact could have become possible due to inertia of the 
accommodation processes of structural changes in the simulated copper crystallite, which resulted in overheating 
(heating above the boiling temperature). 
In the second stage, which started upon maximum expansion of the crystallite without violation of its continuity, 
further accommodation of the specimen in response to high-rate heating occurs due to its fracture followed by the 
formation of different-size clusters and a gas phase (Fig. 1b). The process of fracture of the wire and cluster 
formation is accompanied by a relatively fast decrease in the atomic spacing in the clusters, since the kinetic 
temperature of the cluster atoms begins to undergo a fast decrease. It is worth noting that the point of time where the 
kinetic temperature of the specimen begins to fall after it reaches its maximum value is well correlated with the 
point of time of fragmentation. With further evolution of the dispersed specimen, the average atomic spacing is 
gradually increased for both thermal-loading regimes. 
The calculation results demonstrate that for the first regime of pulsed thermal loading of the simulated specimens, 
larger-size clusters are formed than are for the second mode (Fig. 2). This difference in fracture behavior is 
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primarily due to the fact that under the second mode of loading the crystallite is subjected to a higher thermal action 
(it receives about 10 % more energy). Note that in 8 ps the average cluster size (the number of atoms constituting it) 
is twice as low for the second regime of thermal loading than it is for the first one (Fig. 3). 
A projection of the dispersed specimen structure onto a plane perpendicular to the direction of periodic boundary 
conditions at the point of time 14.4 ps is presented in Fig. 3a. It is evident from the figure that the initial specimen 
fractured into a large number of small fragments, followed by formation of a gas phase. Note that the effect of the 
surrounding medium on the dispersion process was not included into the calculations. Thus, fracture and 
agglomeration of the fragments of the dispersed fragments in the evolution stage would be determined by the 
following processes: further fracturing of the clusters, if their kinetic energy would exceed the energy of additional-
free-surface formation, evaporation of atoms from the surfaces, and their collisions with other clusters and gas-phase 
atoms. 
Fig.1 Variation in the average atomic spacing in clusters (a) (ra ± lattice parameter in copper) and number of clusters (b) with time. Heating from 
the center to the lateral specimen surface (solid lines) and heating from the lateral surface towards the center (dotted lines) 
Fig. 2 Variation in average number of atoms in clusters with time. Heating from the center to the lateral specimen surface (solid lines) and 
heating from the lateral surface towards the center (dotted lines) 
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Fig. 3 Plane projection of the structure of the simulated specimen t=14.4 ps after loading. The kinetic temperature of heating the crystallite 
Ɍmax=20 000K) decreased linearly from the center towards the lateral surface of the specimen (a). Plane projection of the structure of the 
dispersed specimen after relaxation to room temperature. .LQHWLFVSHFLPHQWHPSHUDWXUHLQWKHKHDWLQJVWDJHɌmax=10 000K) decreased linearly 
from the center towards the lateral surface (b) 
An analysis of the calculation results demonstrates that the dispersion process is not completed within the 
simulation time and continues to develop. Note that the general tendency is such that the gas-phase fraction is 
gradually increased and the size of large clusters is decreased due to evaporation of the surface atoms and fracture 
via collisions with other clusters.  
A decrease in the intensity of pulsed thermal loading gives rise to formation of larger-size clusters. Shown in 
Fig. 3b is the projection of a relaxed structure of a dispersed specimen cooled to room temperature. The initial 
specimen was heated according to the above-described scheme with the maximum temperature in the center 
Ɍ  000 K, then a process of its fracture within 24 ps was simulated, after which, using the method of artificial 
damping, its temperature was successively decreased to the melting and further to room temperatures. It is clearly 
seen in Fig. 3b that as a result of this relaxation sequence larger clusters have formed in the simulated system (see 
Fig. 3a for comparison), many of which are of a complicated shape with a number of thin cross-bridges. Formation 
of clusters having such a complicated shape under a more realistic method of cooling would give rise to formation 
of nanosized particles with block internal structure. 
4. Conclusions 
Based on the calculations performed, we can draw a conclusion that under a high-energy loading the selected 
spatial temperature distribution patterns with respect to the cross-section of the simulated crystallite do not 
qualitatively change the character of the ETPD process. A high-rate pulsed thermal loading of a crystal specimen 
can give rise to a substantial increase in its volume without distorting its continuity (the volume jump in the 
calculations in question was about 9 %). This behavior of the crystal specimen could be due to a lower speed of the 
internal structure accommodation compared to the rate of loading. In the absence of resistance of the surrounding 
medium, the process of fracture of a crystal specimen in the ETPD is accompanied by cluster and gas-phase 
formation. The initially formed clusters, it their turn, would disintegrate to form smaller ones, and atoms would 
evaporate from their surface until their kinetic energy gets lower than the boiling temperature. 
For a more realistic simulation of the ETPD processes in metal wires, it is necessary to include the effects of 
viscous resistance of the surrounding medium. The calculations performed have demonstrated that the method of 
molecular dynamics can be quite effectively used to describe fracture processes in nanosized wires. This simulation 
technique is also of certain practical interest, in particular, when selecting optimal engineering regimes of 
manufacturing nanosized particles with block structure by the ETPD process. 
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